FtsZ plays an essential role in bacterial cell division. We have used the assembly of FtsZ as a screen to find antibacterial agents with a novel mechanism of action. The effects of 81 compounds of 29 different structural scaffolds on FtsZ assembly in vitro were examined using a sedimentation assay. Out of these 81 compounds, OTBA (3-{5-[4-oxo-2-thioxo-3-(3-trifluoromethylphenyl)-thiazolidin-5-ylidenemethyl]-furan-2-yl}-benzoic acid) was found to promote FtsZ assembly in vitro. OTBA increased the assembly of FtsZ, caused bundling of FtsZ protofilaments, prevented dilution-induced disassembly of FtsZ protofilaments and decreased the GTPase activity in vitro. It bound to FtsZ with an apparent dissociation constant of 15 + − 1.5 μM. Furthermore, OTBA inhibited the proliferation of Bacillus subtilis 168 cells with an MIC (minimum inhibitory concentration) of 2 μM, whereas it exerted minimal effects on mammalian cell proliferation, indicating that it might have a potential use as an antibacterial drug. In the effective proliferation inhibitory concentration range, OTBA induced filamentation in bacteria and also perturbed the formation of the cytokinetic Z-rings in bacteria. However, the agent neither perturbed the membrane structures nor affected the nucleoid segregation in B. subtilis cells. The results suggested that the OTBA inhibited bacterial cytokinesis by perturbing the formation and functioning of the Z-ring via altering FtsZ assembly dynamics. The antibacterial mechanism of action of OTBA is similar to that of the widely used anticancer drug paclitaxel, which inhibits cancer cell proliferation by promoting the assembly of tubulin, a eukaryotic homologue of FtsZ.
INTRODUCTION
Bacterial diseases are considered to be one of the most prevalent health hazards in the developing world. Furthermore, diseasecausing bacteria are becoming resistant to existing antibiotics making the treatment ineffective. Thus it is necessary to find novel targets and develop new antibacterial drugs with a novel mechanism of action. FtsZ is a highly conserved bacterial cytoskeleton protein and a perturbation of FtsZ function has been shown to induce deleterious effects in bacteria [1] [2] [3] [4] [5] [6] . For this reason FtsZ has been considered to be an important antibacterial target. Although FtsZ shows low sequence similarity with tubulin, both of the proteins share similar structural folds and identical GTP-binding motifs [7] [8] [9] [10] [11] . In vitro, both FtsZ and tubulin polymerize in a GTP-dependent manner to form protofilaments of similar morphology and depolymerize once all of the GTP is hydrolysed to GDP [10] .
Microtubules are considered to be one of the most prominent targets for cancer chemotherapy [12, 13] . For example, paclitaxel, a promoter of tubulin assembly, and vinblastine, an inhibitor of tubulin assembly, have been successfully used as anticancer drugs [14, 15] . Because of the success of microtubules as drug targets, several attempts have been made to develop FtsZ-targeted antibacterial drugs. In vitro, FtsZ displays two important functional properties, namely assembly of FtsZ monomers into protofilaments and GTPase activity, which can be targeted at for identifying new antibacterial agents. The morphology and stability of the FtsZ polymers depend on the assembly conditions [16] [17] [18] [19] [20] . Previous studies have shown that inhibition of FtsZ polymerization by small molecules leads to the inhibition of bacterial division [3, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . For example, sanguinarine, an alkaloid from Sanguinaria canadensis, inhibits FtsZ polymerization in vitro and perturbs Z-ring formation in vivo [23] . Sanguinarine has been shown to inhibit the proliferation of both Gram-positive and Gram-negative bacteria. Similarly, totarol has been found to exert its antibacterial effect by inhibiting FtsZ polymerization [29] . Further, zantrins and viriditoxin are also believed to inhibit bacterial growth by inhibiting the GTPase activity of FtsZ [26, 27] . A small synthetic antibacterial agent, PC190723, has been shown to inhibit the GTPase activity of FtsZ and to prevent cell division in bacteria in vitro [32] . In a mouse model, a single dose of PC190723 at 30 mg/kg resulted in 100 % survival of mice inoculated intraperitoneally with a potentially lethal dose of Staphylococcus aureus [32] .
In the present study, the assembly of FtsZ monomers was used to screen 81 compounds of different structures. We found that of all these compounds, OTBA (3-{5-[4-oxo-2-thioxo-3-(3-trifluoromethyl-phenyl)-thiazolidin-5-ylidenemethyl]-furan-2-yl}-benzoic acid) ( Figure 1 ) promoted FtsZ assembly in vitro and also potently inhibited bacterial proliferation. We have shown that OTBA inhibited cytokinesis in bacteria by promoting the assembly and stability of the FtsZ polymers. The antibacterial mechanism of action of OTBA is different from the previously known FtsZ assembly inhibitors like sanguinarine, viriditoxin, curcumin and totarol [23, [27] [28] [29] .
MATERIALS AND METHODS

Materials
Pipes buffer, IPTG (isopropyl-β-D-thiogalactoside), GTP, DAPI (4 ,6-diamidino-2-phenylindole) and Cy3 (indocarbocyanide)-conjugated goat anti-rabbit secondary antibody were obtained from Sigma Chemical Company. FM 4-64 was purchased from Molecular Probes (Eugene, OR, U.S.A.). Primary polyclonal antiFtsZ rabbit antibody was developed in rabbit against EcFtsZ (Escherichia coli FtsZ) by Bangalore Genei. All other chemicals used were of analytical grade. All compounds tested were obtained from the Chemical Diversity Labs at California and Moscow.
Purification of FtsZ
EcFtsZ was overexpressed and purified from E. coli BL21 strain as described previously [34] . The FtsZ concentration was measured by the Bradford method using BSA as a standard [35] . The purified protein was frozen and stored at − 80
• C. Prior to use, FtsZ was thawed and centrifuged at 287 000 g for 30 min to remove any insoluble aggregates. Recombinant BsFtsZ (Bacillus subtilis FtsZ) was overexpressed and purified from E. coli (BL21)pLysS clones by affinity chromatography using chelating Sepharose [Ni-NTA (Ni 2+ -nitrilotriacetate)] matrix as described earlier [36] .
Screening of compounds against FtsZ assembly using a sedimentation assay
EcFtsZ (12 μM) was polymerized in 25 mM Pipes buffer (pH 6.5) containing 10 mM MgSO 4 and 1 mM GTP in the absence or the presence of 10 μM of 81 compounds of different structures at 37
• C for 15 min. EcFtsZ polymers were sedimented using high-speed centrifugation at 287 000 g for 30 min. The amount of FtsZ polymerized in the absence or presence of these compounds was determined by subtracting the protein concentration in the supernatant from the total protein concentration.
Light scattering assay
The effects of OTBA on the kinetics of FtsZ assembly were monitored by 90
• light scattering. Briefly, EcFtsZ (12 μM) in 25 mM Pipes buffer (pH 6.5) was incubated in the absence or presence of different concentrations of OTBA for 15 min at 25
• C and then polymerized in the presence of 10 mM MgSO 4 and 1 mM GTP. The light scattering intensity (500 nm) was monitored using a fluorescence spectrophotometer (Jasco FP 6500) at 37
• C [23] . Similarly, the effects of OTBA on the light scattering of BsFtsZ (7 μM) were also monitored at 500 nm.
Electron microscopic analysis of FtsZ assembly
EcFtsZ (12 μM) in 25 mM Pipes buffer (pH 6.5) was incubated without or with different concentrations of OTBA for 10 min on ice. Then, 10 mM MgSO 4 and 1 mM GTP were added to the reaction mixtures and incubated for an additional 15 min at 37
• C. Samples were transferred on to a Formvar-carbon-coated copper grid, stained with 2 % uranyl acetate and observed using a transmission electron microscope (FEI TECHNAI G 2 12) as described previously [23] .
Fluorescence microscopy analysis of BsFtsZ assembly
An equal volume of FITC-labelled BsFtsZ (8 μM) was mixed with BsFtsZ (8 μM) in 25 mM Pipes buffer (pH 6.5) and incubated without and with 25 or 40 μM of OTBA for 10 min on ice. FtsZ was then polymerized in the presence of 10 mM MgSO 4 and 2 mM GTP at 37
• C for 5 min. The polymers were mounted on to a glass slide and observed using a fluorescence microscope (Nikon ECLIPSE TE2000-U) under a ×60 objective.
Measurement of the GTPase activity
EcFtsZ (6 μM) in 25 mM Pipes buffer (pH 6.5) was incubated with different concentrations of OTBA for 30 min at 25 • C. It was then polymerized in the presence of 10 mM magnesium sulfate and 1 mM GTP at 37
• C. The GTP hydrolysis reaction was quenched after 5 min of hydrolysis by adding 10 % HClO 4 . Moles of P i released per mole of FtsZ were measured using the standard Malachite Green ammonium molybdate assay [23, 37] . The effect of OTBA (40 μM) on the GTPase activity of BsFtsZ (8 μM) was monitored using the Malachite Green ammonium molybdate assay [23, 37] . The effect of OTBA on the GTPase activity of BsFtsZ was also determined in the presence of 3 μM BSA. The presence of BSA in the reaction mixture did not alter the suppressive effects of OTBA on the GTPase activity of BsFtsZ.
Interaction of OTBA with EcFtsZ
FtsZ (Y371W) (1 μM) was incubated without or with different concentrations of OTBA at 25
• C for 30 min. When excited at 290 nm, FtsZ (Y371W) displayed a typical emission spectrum with a maximum at 340 nm [23] . OTBA reduced the intrinsic tryptophan fluorescence of FtsZ (Y371W) in a concentrationdependent fashion. To reduce the inner filter effect, we used a cuvette of 3 mm path length. Although the inner filter effect correction was minimal, the apparent decrease in the fluorescence values in the presence of varying concentrations of OTBA were corrected for the inner filter effect as described previously [23] . The corrected fluorescence intensities of EcFtsZ (Y371W) in the presence of different concentrations of OTBA were used to determine the dissociation constant using a double reciprocal plot [23] .
CD measurements
EcFtsZ (1 μM) was incubated with different concentrations of OTBA (0-50 μM) at 25
• C. The far-UV CD spectra were recorded using a Jasco spectropolarimeter. The secondary structure was monitored over the wavelength range of 200-260 nm using a 0.1 cm path length cuvette and the ellipticity was determined at 220 nm. Each spectrum was recorded using an average of three scans. The experiment was repeated three times.
Determination of MIC (minimum inhibitory concentration) and IC 50
The inhibitory effect of OTBA on bacterial division was determined by measuring the attenuance at 600 nm (D 600 ). An overnight culture of B. subtilis 168 cells was diluted severalfold (D 600 = 0.1) and grown in the presence of different concentrations of OTBA for another 90 min at 37
• C. D 600 was measured at the end of the 90 min incubation. The IC 50 was calculated as the concentration of OTBA required to inhibit growth by 50 % in a liquid culture. The experiment was repeated five times.
MIC, the minimum amount of OTBA required to prevent the growth of bacteria, was calculated as described earlier [29, 38] . Briefly, B. subtilis 168 cells were grown in LB (LuriaBertani) medium until reaching a D 600 of 0.1. Cells were then grown for another 90 min in the absence and presence of different concentrations of OTBA. Then, D 600 was measured and appropriate dilutions were spread on to the LB agar plates. The plates were incubated for 12 h at 37
• C. The number of colonies growing on each plate was determined using a bacteriological colony counter (Medica Instrument Company).
DIC (differential interference contrast) and fluorescence microscopic analysis
An overnight culture of B. subtilis 168 cells was diluted severalfold (D 600 ∼ 0.1) and the diluted culture was grown in the absence or presence of different concentrations of OTBA for another 90 min at 37
• C. B. subtilis 168 cells were fixed with 0.04 % glutaraldehyde plus 2.5 % formaldehyde, harvested and resuspended in LB medium containing 0.25 % agarose. A total of 5 μl of the suspension was placed on to a coverslip, and the morphology of the bacterial cells was observed under a light microscope. FM 4-64 was used to visualize the membrane of the bacteria [23, 39] . FM 4-64 (1 μl) was added to a growing B. subtilis culture to a final concentration of approx. 1.5 μM. After 15 min, cells were observed using a fluorescence microscope (Nikon ECLIPSE TE2000-U) with a ×60 objective. The images were captured using a CoolSNAP-Pro camera, and the length of bacterial cells was measured by using IMAGEPRO PLUS software (Media Cybernetics, Silver Spring, MD, U.S.A.).
Effects of OTBA on the Z-ring
The effects of OTBA on the Z-rings and nucleoids of B. subtilis 168 cells were examined as described previously [23] . Briefly, B. subtilis 168 cells (D 600 ∼ 0.3-0.4) were incubated in the absence and presence of 1 μM OTBA for 90 min. Then, the cells were fixed with 2.5 % formaldehyde and 0.04 % glutaraldehyde [23] . FtsZ was stained with a polyclonal anti-FtsZ rabbit antibody (Bangalore Genei) followed by a Cy3-conjugated goat antirabbit secondary antibody (Sigma). Nucleoids were visualized by treating the cells with 0.5 μg/ml DAPI. OTBA did not display any background fluorescence. Cells were observed using a fluorescence microscope (Nikon ECLIPSE TE2000-U) with a ×60 objective. The images were captured using a CoolSNAPPro camera, and the length of a bacterial cell was measured using IMAGEPRO PLUS software (Media Cybernetics). A minimum of 200 cells were scored in the presence or absence of the compound.
RESULTS
In the present study, FtsZ assembly was used as a screen to identify potential antibacterial agents. Using the sedimentation assay, we screened 81 compounds of 29 different scaffolds (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/423/ bj4230061add.htm) for their ability to perturb FtsZ assembly. EcFtsZ (12 μM) was polymerized in the absence or presence of 10 μM of different compounds at 37
• C for 15 min. FtsZ polymers were collected through high-speed centrifugation. The sedimentable polymer mass in the presence of 10 μM of each of the 81 compounds was compared with the controls. Nine compounds were found to decrease the polymer mass by 15-25 %, two compounds, 2-(4-methyl-benzylidene)-benzo- creased the polymer mass by 30-35 % and one compound, OTBA, increased the polymer mass by 25-30 %. Other compounds did not show any considerable effect on the polymerization of FtsZ. These compounds were further tested for their effects on the proliferation of B. subtilis 168 cells in liquid culture. Out of these compounds, OTBA was found to potently inhibit the proliferation of B. subtilis 168 cells in liquid culture. Using the colony count method [29, 38] , OTBA was found to inhibit the growth of B. subtilis 168 cells with a MIC of 2 μM. OTBA belongs to the rhodanine class of compounds. Recently, the rhodanine class of compounds has been found to inhibit the activity of Plasmodium falciparum enoyl-acyl carrier protein [40] .
OTBA promoted the assembly and bundling of FtsZ protofilaments
The effects of OTBA on the assembly and bundling of EcFtsZ and BsFtsZ protofilaments were monitored using different complementary techniques. First, the effects of OTBA on the rate and extent of EcFtsZ assembly were monitored using 90
• light scattering (Figure 2A ). The light scattering intensity was increased by approx. 3-fold in the presence of 25 μM OTBA, suggesting that it enhanced the assembly and/or the bundling of EcFtsZ protofilaments. In the presence of 50 μM OTBA, the initial light scattering intensity of the FtsZ assembly was found to be higher as compared with the control, indicating that the agent increases the initial rate of FtsZ assembly.
An electron microscopic analysis of the EcFtsZ polymers showed that the thickness of FtsZ bundles was increased in the presence of OTBA ( Figure 2B ). For example, the average thickness of the bundles was found to be 48 + − 2.4, 64 + − 3 and 66 + − 4.3 nm in the absence and presence of 10 and 25 μM OTBA respectively. The observed difference in the thickness of the FtsZ protofilament bundles in the absence and presence of 10 and 25 μM OTBA was significant at a 99.9 % confidence level (P < 0.001). High concentrations of OTBA also induced aggregation of EcFtsZ monomers in vitro.
Under the conditions used, the assembly of BsFtsZ reached a plateau rapidly ( Figure 3A) . OTBA increased the light scattering of BsFtsZ, indicating that it promoted the assembly and bundling of BsFtsZ ( Figure 3A) . To further show that OTBA enhances the assembly of BsFtsZ in vitro, the kinetics of BsFtsZ assembly was first monitored for 60 s by light scattering in the absence of OTBA ( Figure 3B ). After 60 s of assembly, 25 or 40 μM of OTBA was added to the cuvette and the assembly kinetics was monitored for an additional 300 s ( Figure 3B ). The addition of OTBA increased the magnitude of the light scattering signal, whereas the addition of an equivalent volume of DMSO had no effect on the light scattering, suggesting that OTBA promotes the assembly and bundling of FtsZ protofilaments ( Figure 3B ). OTBA also strongly induced the bundling of FITC-labelled BsFtsZ protofilaments ( Figure 3C ).
OTBA suppressed the disassembly of preformed FtsZ filaments
An increase in the thickness of the FtsZ bundles in the presence of OTBA suggested that it may increase the stability of the FtsZ polymers. On dilution, preformed FtsZ polymers were found to disassemble into monomers. We examined whether OTBA could prevent the disassembly of the preformed FtsZ protofilaments under challenged conditions. FtsZ (30 μM) was polymerized in 25 mM Pipes buffer in the presence of 5 mM MgCl 2 , 1 mM GTP and 50 mM KCl. Preformed FtsZ polymers were diluted 20-fold in warm 25 mM Pipes buffer in the absence and presence of different concentrations of OTBA. The mixtures were incubated for an additional 5 min at 37
• C. The polymers were collected by sedimentation and the amount of FtsZ pelleted was analysed by Coomassie Brilliant Blue staining of SDS/PAGE. The intensity of the FtsZ band was found to increase with increasing the concentration of OTBA ( Figure 4A) . The results showed that OTBA inhibited the dilution-induced disassembly of FtsZ protofilaments and indicated that OTBA stabilized FtsZ protofilaments.
OTBA reduced the rate and extent of GTPase activity of FtsZ
The GTPase activity of EcFtsZ was found to decrease in the presence of OTBA. For example, moles of P i released per mole of FtsZ per min were found to be 3.6, 2.9, 1.5 and 1.3 in the absence and presence of 10, 25 and 50 μM OTBA respectively ( Figure 4B ). In addition, OTBA (40 μM) reduced the GTP hydrolysis rate of BsFtsZ from 0.69 + − 0.06 to 0.36 + − 0.1 mole of P i released per mole of FtsZ per min (P < 0.005) ( Figure 4C ).
OTBA bound to EcFtsZ in vitro
EcFtsZ does not contain a tryptophan residue. Therefore a mutant of FtsZ (Y371W), where a tyrosine residue at position 371 has been replaced by a tryptophan residue, was used to study the interaction between OTBA and FtsZ. The assembly kinetics of the native and the mutant FtsZ were found to be similar [23] . OTBA reduced the tryptophan fluorescence of mutated FtsZ (Y371W) in a concentration-dependent manner ( Figure 5 ). The change in the fluorescence intensity was used to calculate the dissociation constant of the FtsZ-OTBA complex. A dissociation constant of 15 + − 1.5 μM was determined using a double reciprocal plot of the binding data. However, the far-UV CD spectra of FtsZ were found to be similar in the absence and presence of OTBA, indicating that OTBA does not affect the secondary structure of FtsZ (results not shown).
Effects of OTBA on cell growth, morphology and membrane structure of B. subtilis Growth of B. subtilis was found to decrease in the presence of OTBA in a concentration-dependent manner ( Figure 6A ). The concentration that inhibited 50 % bacterial growth (IC 50 ) was calculated to be 1.1 μM. OTBA was also found to induce filamentation in B. subtilis. For example, the average length of B. subtilis cells in the absence and presence of 1 μM of the compound was found to be 4.4 + − 1.3 and 12.4 + − 5.2 μm respectively ( Figures 6B and 6C and Table 1 ). Further, no bacterium had a length equal to or more than approx. 10 μm in the absence of OTBA, whereas 38.5 % of the bacteria had a length >10 μm in the presence of 1 μM OTBA ( Figure 6D ). The DIC images and membrane staining with FM 4-64 showed that OTBA did not perturb the membrane of B. subtilis (see Supplementary Figure  S2 at http://www.BiochemJ.org/bj/423/bj4230061add.htm). The DIC images showed the presence of constrictions at the division site and FM 4-64 staining showed the formation of septa at the division site in the presence of OTBA. OTBA was also found to increase the length of E. coli cells; however, the compound had FtsZ (Y371W) (1 μM) was incubated without ( ) or with 1 μM (ᮀ), 2 μM (᭹), 10 μM ( ), 25 μM () and 50 μM (᭺) OTBA and the tryptophan emission intensity was measured at 340 nm. Fluorescence intensity of FtsZ (Y371W) was reduced in the presence of OTBA. The dissociation constant of the interaction between OTBA and FtsZ was determined using a double reciprocal plot (inset).
anti-FtsZ antibody. A typical Z-ring was observed in most of the vehicle-treated (control) B. subtilis cells, whereas no distinct Zring was observed in the bacterial cells treated with 1 μM OTBA. For example, 62 % of the control cells contained a single Zring, whereas none of the cells treated with OTBA contained a defined Z-ring ( Figure 7 and Table 1 ). Again, OTBA-treated cells displayed a patch of FtsZ in between and above the nucleoids. The nucleoid segregation was found to be similar in both the treated and untreated cells. OTBA-treated cells showed no detectable effect on the nucleoid segregation. As the bacteria were unable to divide in the presence of OTBA, the number of nucleoids in the drug-treated cells was found to be higher than that of the control cells. For example, the average number of nucleoids per cell was found to be 2.3 and 8 in the absence and presence of 1 μM OTBA respectively. However, the frequency of nucleoid per μm of cell length was found to be unaltered in the absence (0.58) and presence (0.65) of 1 μM OTBA, suggesting that the nucleoid segregation was not perturbed in the treated cells ( Figure 7 and Table 1 ). The findings indicated that FtsZ was able to assemble at the place for the Z-ring formation, but the Z-rings formed were not functional.
We also tested the effect of OTBA on mammalian cells. OTBA inhibited the proliferation of HeLa cells in a concentrationdependent manner with an IC 50 of approx. 8 μM. For example, 36 and 64 % inhibition of HeLa cell proliferation occurred in the presence of 5 and 10 μM OTBA respectively. In contrast, 50 % inhibition of B. subtilis proliferation occurred in the presence of 1.1 μM OTBA. The compound (8 μM, IC 50 , and 16 μM, 2 × IC 50 ) did not detectably affect microtubule organization in HeLa cells (results not shown). To check the effect of OTBA on microtubule polymerization in vitro, microtubule protein (1.2 mg/ml) was polymerized in the absence and presence of 20 and 40 μM OTBA and polymers were collected by centrifugation. In the absence of OTBA, 25 % of the protein was polymerized and OTBA did not alter the amount of polymerized protein (results not shown). Taken together, the results suggested that OTBA has a much weaker inhibitory effect on the mammalian cells than on the bacterial cells.
DISCUSSION
By analysing the effects of 81 compounds on the assembly of FtsZ, we discovered that OTBA promoted the assembly of FtsZ and inhibited bacterial cell division. Both electron micrographs and fluorescence microscopic images of the FtsZ polymers suggested that the increase in the light scattering signal was primarily due to the bundling of FtsZ protofilaments (Figures 2 and 3 ). In addition, smaller oligomers of FtsZ were also formed in the presence of high concentrations of OTBA. Furthermore, OTBA inhibited the dilution-induced disassembly of FtsZ polymers, suggesting that it enhanced the stability of the FtsZ polymers. The increase in the stability of the FtsZ polymers could be due to an increase in bundling, which decreased the rate of GTP hydrolysis. Treatment of B. subtilis 168 cells with OTBA led to the formation of filamentous cells, suggesting that OTBA may inhibit cell division by disrupting cytokinesis. Furthermore, the membrane staining as well as the DIC images of the OTBA-treated cells showed the presence of multiple sites where constriction was initiated. The observation indicated that septa might form in the presence of OTBA; however, these septa were not functional enough to carry forward the division. This observation was different from the earlier observations of cells treated with various inhibitors of FtsZ assembly such as sanguinarine and totarol, where the bacteria formed smooth filaments without any constrictions due to the absence of a defined Z-ring [23, 29] .
Thus, unlike other FtsZ targeting agents, OTBA has a different mechanism for the inhibition of cell division. Although the OTBAtreated cells showed multiple and aberrant Z-ring formation, these cells showed proper nucleoid segregation in the presence of OTBA. The cells in the absence and presence of OTBA showed similar numbers of nucleoids per μm of cell length, suggesting that the inhibition of cell division in the presence of OTBA was not initiated due to the DNA damage. In addition, the presence of the FtsZ patches over the nucleoids indicated that OTBA stabilized FtsZ polymers. It has been shown that two zantrins (Z3 and Z5) promote the assembly and stability of FtsZ protofilaments in vitro [26] ; however, like OTBA, these zantrins also inhibited the Z-ring formation in bacteria.
It was observed that OTBA inhibited the Z-ring formation and bacterial cell division at a concentration lower than the concentration required to affect the assembly and GTPase activity of purified FtsZ in vitro. Like OTBA, several other FtsZ-targeted compounds have also been found to inhibit the assembly or GTPase activity of FtsZ in vitro at much higher concentrations than required to inhibit bacterial cell division [25, 29, 31, 33] . For example, compound 534F6, totarol, dichamanetin and SRI-3072 have been shown to inhibit bacterial proliferation with an MIC of 10, 2, 1.7 and approx. 0.3 μM respectively. In vitro, 100 μM 534F6 [31] , 75 μM totarol [29] , 12.5 μM dichamanetin [25] and 100 μM SRI-3072 [33] inhibited the GTPase activity by 20, 67, 50 and 20 % respectively. In addition, totarol (50 μM) inhibited the polymerization of FtsZ by 27 % [29], and 52 + − 12 μM SRI-3072 inhibited FtsZ polymerization by 50 % [33] . Similarly, vinblastine inhibits mammalian cell proliferation with an IC 50 of approx. 2 nM, whereas micromolar concentrations of vinblastine are required to inhibit tubulin polymerization in vitro [13] . In an in vitro system there is a direct interaction between purified protein and the inhibitor. However, in the in vivo system, the interaction of an inhibitor with a protein causes the inhibition of a pathway, which may further lead to blockage in the other downstream pathways. This amplifies the effect of an inhibitor in vivo. In addition, the intracellular concentrations of many compounds were found to be much higher than the added concentrations of these compounds in the culture medium (see [13] and references therein).
The assembly dynamics of the Z-ring is considered to be especially important for bacterial division. The dynamicity of the Z-ring is believed to be regulated by the combined action of both the positive regulators (ZipA, SepF etc.) and the negative regulators (EzrA, SulA etc.) of FtsZ assembly [36, 41, 42] . These factors are recruited to the Z-ring during different time periods of cell division. During initial stages of cell division, the positive regulators promote the assembly of FtsZ to form the backbone of the Z-ring. Subsequently, other downstream proteins required for cell division, including the negative regulators of FtsZ assembly, are recruited to the Z-ring. Once the negative regulators are recruited to the Z-ring, the Z-ring starts depolymerizing and thus constricts the membrane and the cell wall, leading to the division of the cell into two daughter cells. The stabilization of FtsZ protofilaments in the Z-ring by a small molecule may inhibit the depolymerization of the ring; thereby inhibiting the constriction of the Z-ring leading to the inhibition of cell division.
In the present study, we have shown that OTBA promoted the assembly and stability of both EcFtsZ and BsFtsZ protofilaments. We hypothesize that OTBA may inhibit the Z-ring dynamics by stabilizing the FtsZ protofilaments. The evidence presented in this study strongly suggests that OTBA can directly stabilize the protofilaments; however, it can also stabilize the FtsZ protofilaments in the Z-ring by inhibiting the binding of the negative regulators to FtsZ. The mechanism of action of OTBA is similar to the mechanism of action of the most successful anticancer drug paclitaxel, which inhibits mammalian cell proliferation by perturbing the mitotic spindle assembly. Paclitaxel is known to promote tubulin assembly and to stabilize microtubules [13] . The results suggest that the dynamicity of the Z-ring is regulated to orchestrate bacterial division and it can be targeted for the development of new antibacterial agents.
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